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Plasmonic nanoapertures generate strong field gradients enabling efficient optical trapping of nanoobjects. However, because the infrared laser used for trapping is also partly absorbed into the metal leading to Joule heating, plasmonic nano-optical tweezers face the issue of local temperature increase.

Here, we develop three independent methods based on molecular fluorescence to quantify the temperature increase induced by a 1064 nm trapping beam focused on single and double nanoholes milled in gold films. We show that the temperature in the nanohole can be increased by 10°C even at the moderate intensities of 2 mW/µm² used for nano-optical trapping. The temperature gain is found to be largely governed by the Ohmic losses into the metal layer, independently of the aperture size, double-nanohole gap or laser polarization. The techniques developed therein can be readily extended to other structures to improve our understanding of nano-optical tweezers and explore heatcontrolled chemical reactions in nanoapertures.

Plasmonic nanostructures and nanoantennas can confine the light down into sub-wavelength dimensions and locally generate strong field gradients exceeding by far those achievable with conventional diffraction-limited optics. [START_REF] Juan | Plasmon Nano-Optical Tweezers[END_REF] These intense field gradients enable efficient nano-optical trapping of nanoparticles and even single molecules. [START_REF] Pang | Optical Trapping of 12 Nm Dielectric Spheres Using Double-Nanoholes in a Gold Film[END_REF][START_REF] Pang | Optical Trapping of a Single Protein[END_REF][START_REF] Grigorenko | Nanometric Optical Tweezers Based on Nanostructured Substrates[END_REF][START_REF] Tanaka | Nanostructured Potential of Optical Trapping Using a Plasmonic Nanoblock Pair[END_REF][START_REF] Chen | Enhanced Optical Trapping and Arrangement of Nano-Objects in a Plasmonic Nanocavity[END_REF][START_REF] Yoo | Low-Power Optical Trapping of Nanoparticles and Proteins with Resonant Coaxial Nanoaperture Using 10 Nm Gap[END_REF] Such unprecedented ability to locate a nanoparticle and/or a quantum emitter with nanometer accuracy opens promising opportunities for many applications in biosciences and quantum information processing. [START_REF] Righini | Nano-Optical Trapping of Rayleigh Particles and Escherichia Coli Bacteria with Resonant Optical Antennas[END_REF][START_REF] Galloway | Plasmon-Assisted Delivery of Single Nano-Objects in an Optical Hot Spot[END_REF][START_REF] Geiselmann | Deterministic Optical-Near-Field-Assisted Positioning of Nitrogen-Vacancy Centers[END_REF][START_REF] Pin | Trapping and Deposition of Dye-Molecule Nanoparticles in the Nanogap of a Plasmonic Antenna[END_REF][START_REF] Balushi | A Label-Free Untethered Approach to Single-Molecule Protein Binding Kinetics[END_REF][START_REF] Balushi | Label-Free Free-Solution Single-Molecule Protein-Small Molecule Interaction Observed by Double-Nanohole Plasmonic Trapping[END_REF][START_REF] Ndukaife | Long-Range and Rapid Transport of Individual Nano-Objects by a Hybrid Electrothermoplasmonic Nanotweezer[END_REF] Among the different plasmonic nanostructures used for nano-optical trapping, single and double nanoholes milled in gold films have been widely used. [START_REF] Pang | Optical Trapping of 12 Nm Dielectric Spheres Using Double-Nanoholes in a Gold Film[END_REF][START_REF] Pang | Optical Trapping of a Single Protein[END_REF][START_REF] Juan | Self-Induced Back-Action Optical Trapping of Dielectric Nanoparticles[END_REF][START_REF] Berthelot | Three-Dimensional Manipulation with Scanning near-Field Optical Nanotweezers[END_REF][START_REF] Jensen | Optical Trapping and Two-Photon Excitation of Colloidal Quantum Dots Using Bowtie Apertures[END_REF][START_REF] Ghorbanzadeh | Improvement of Sensing and Trapping Efficiency of Double Nanohole Apertures via Enhancing the Wedge Plasmon Polariton Modes with Tapered Cusps[END_REF][START_REF] Kotnala | Quantification of High-Efficiency Trapping of Nanoparticles in a Double Nanohole Optical Tweezer[END_REF][START_REF] Mestres | Unraveling the Optomechanical Nature of Plasmonic Trapping[END_REF][START_REF] Xu | Direct Particle Tracking Observation and Brownian Dynamics Simulations of a Single Nanoparticle Optically Trapped by a Plasmonic Nanoaperture[END_REF] The single nanohole structure benefits from a self-induced back action (SIBA) where the presence of the trapped object helps to further improve the restoring force into the trap. [START_REF] Juan | Self-Induced Back-Action Optical Trapping of Dielectric Nanoparticles[END_REF] Additionally, the double nanohole (and similarly the bowtie aperture) structures benefit from enhanced field gradients at the apex joining the two apertures to further sharpen the trapping potential. [START_REF] Pang | Optical Trapping of 12 Nm Dielectric Spheres Using Double-Nanoholes in a Gold Film[END_REF][START_REF] Jensen | Optical Trapping and Two-Photon Excitation of Colloidal Quantum Dots Using Bowtie Apertures[END_REF][START_REF] Kotnala | Quantification of High-Efficiency Trapping of Nanoparticles in a Double Nanohole Optical Tweezer[END_REF][START_REF] Mestres | Unraveling the Optomechanical Nature of Plasmonic Trapping[END_REF] A common feature to all plasmonic devices are the absorption and Ohmic losses into the metal leading to Joule heating of the surrounding environment. [START_REF] Brongersma | Plasmon-Induced Hot Carrier Science and Technology[END_REF][START_REF] Novotny | Principles of Nano-Optics[END_REF] This has led to the fruitful area of thermoplasmonics, where the heat generation in plasmonic nanostructures is used to control the local temperature distribution and realize heat-induced applications. [START_REF] Baffou | Thermo-Plasmonics: Using Metallic Nanostructures as Nano-Sources of Heat[END_REF][START_REF] Baffou | Nanoscale Control of Optical Heating in Complex Plasmonic Systems[END_REF][26] However, in the case of optical trapping, a local temperature increase and a temperature gradient around the trap can lead to unwanted effects affecting the trapping potential and/or the trapped object. [START_REF] Wu | Three Dimensional Nanoparticle Trapping Enhanced by Surface Plasmon Resonance[END_REF][START_REF] Sugiyama | Laser Trapping Chemistry: From Polymer Assembly to Amino Acid Crystallization[END_REF][START_REF] Wang | Trapping and Rotating Nanoparticles Using a Plasmonic Nano-Tweezer with an Integrated Heat Sink[END_REF] Therefore, low-loss alternative antennas based on dielectric materials are being explored. [START_REF] Caldarola | Non-Plasmonic Nanoantennas for Surface Enhanced Spectroscopies with Ultra-Low Heat Conversion[END_REF][START_REF] Cambiasso | Bridging the Gap between Dielectric Nanophotonics and the Visible Regime with Effectively Lossless Gallium Phosphide Antennas[END_REF][START_REF] Regmi | All-Dielectric Silicon Nanogap Antennas To Enhance the Fluorescence of Single Molecules[END_REF][START_REF] Xu | Optical Trapping of Nanoparticles Using All-Silicon Nanoantennas[END_REF] However, while metal plasmonic nanostructures remain largely used, the question of measuring the local temperature increase in single and double nanoholes remains open. Recently, numerical simulations have been reported for double nanoholes, indicating a temperature increase around 10°C at the typical 10 mW/µm² intensity used for nano-optical trapping. [START_REF] Xu | Direct Particle Tracking Observation and Brownian Dynamics Simulations of a Single Nanoparticle Optically Trapped by a Plasmonic Nanoaperture[END_REF] This somehow contradicts the generally believed argument that the temperature increase in the case of nanoholes remains below a few degrees as the metal layer acts as an efficient heat sink to further dissipate the Joule heating. [START_REF] Balushi | A Label-Free Untethered Approach to Single-Molecule Protein Binding Kinetics[END_REF][START_REF] Wang | Trapping and Rotating Nanoparticles Using a Plasmonic Nano-Tweezer with an Integrated Heat Sink[END_REF] Therefore, we believe that a clear experimental investigation is needed to assess the temperature increase in nanohole-based optical tweezers.

Here, we use fluorescence spectroscopy to locally measure the temperature into single and double nanoholes milled in gold films and quantify the temperature increase induced by the 1064 nm trapping beam. We discuss the implementation of three different fluorescence readouts: the fluorescence intensity, diffusion time and fluorescence lifetime. While these readouts are largely independent from each other, we show that they all lead to similar results and can be used in an equivalent way. Our measurements stand in excellent agreement with numerical simulations, and indicate that temperature increases around 10°C can be reached even at the moderate intensities of 2 mW/µm² typically used for nano-optical trapping. We also show that the temperature increase is largely independent of the aperture size, double-nanohole gap and heating laser polarization. In other words, the temperature increase is largely governed by the absorption of the 1064 nm laser into the metal layer, and does not depend on the plasmonic properties of the nanohole. The ability to accurately and remotely control the temperature into nanoholes of sub-femtoliter volumes opens their use for a broad range of biochemical applications from biosensing to crystallization. [START_REF] Sugiyama | Laser Trapping Chemistry: From Polymer Assembly to Amino Acid Crystallization[END_REF][START_REF] Crick | Precise Attoliter Temperature Control of Nanopore Sensors Using a Nanoplasmonic Bullseye[END_REF][START_REF] Nicoli | DNA Translocations through Solid-State Plasmonic Nanopores[END_REF][START_REF] Shi | Active Delivery of Single DNA Molecules into a Plasmonic Nanopore for Label-Free Optical Sensing[END_REF][START_REF] Verschueren | Label-Free Optical Detection of DNA Translocations through Plasmonic Nanopores[END_REF] Theory Many different techniques have been developed to probe the temperature at a sub-micron scale, well below the spatial resolution limit of classical thermometers and thermocouples. 26,[START_REF] Jaque | Luminescence Nanothermometry[END_REF][START_REF] Zhou | Nanothermometry: From Microscopy to Thermal Treatments[END_REF][START_REF] Quintanilla | Guiding Rules for Selecting a Nanothermometer[END_REF] Readouts based on fluorescence combine the advantage of high sensitivity, low invasiveness and good spatial resolution (when conducted on a confocal microscope). [START_REF] Jaque | Luminescence Nanothermometry[END_REF][START_REF] Rosal | Thermal Loading in Flow-through Electroporation Microfluidic Devices[END_REF] We describe here the underlying physical principles and assumptions behind the three different measurements used experimentally, based on fluorescence lifetime, intensity and diffusion time.

Fluorescence lifetime.

For many fluorescent molecules, such as Alexa Fluor 647 used here, a temperature change will affect the non-radiative decay rate, leading to a change in the apparent fluorescence lifetime. [START_REF] Ferreira | Activated Radiationless Decay of Rhodamine 3B: Polarity and Friction Effects[END_REF][START_REF] Müller | Remote Temperature Measurements in Femto-Liter Volumes Using Dual-Focus-Fluorescence Correlation Spectroscopy[END_REF] The fluorescence lifetime 𝜏 𝑇 of Alexa Fluor 647 in a homogeneous water medium at a temperature T can be written as:

1 𝜏 𝑇 = 𝛤 𝑟𝑎𝑑 + 𝛤 𝑛𝑟𝑎𝑑 (𝑇) (1) 
where 𝛤 𝑟𝑎𝑑 and 𝛤 𝑛𝑟𝑎𝑑 are the radiative and non-radiative decay rates. Here, we assume that the radiative decay rate is constant with the temperature: 𝛤 𝑟𝑎𝑑 (𝑇) = 𝛤 𝑟𝑎𝑑 . The agreement between our different temperature measurements (based on lifetime, intensity and diffusion time) validates this assumption a posteriori. By measuring the fluorescence lifetime for a homogeneous solution set at different temperatures (Fig. 2f), and knowing the 33% quantum yield of Alexa Fluor 647 at 21°C, the the non-radiative decay rates 𝛤 𝑛𝑟𝑎𝑑 (𝑇) can be calibrated at different temperatures. A more convenient alternative is to express the temperature increase Δ𝑇 as a function of the change in the non-radiative decay rates: 

This calibration will be used to compute the temperature increase in nanoholes based on fluorescence lifetime measurements.

The presence of a plasmonic nanostructure affects the fluorescence lifetime by enhancing the radiative decay rate (Purcell effect) and opening new decay pathways to the free electrons in the metal. [START_REF] Novotny | Principles of Nano-Optics[END_REF] Within the nanohole, the fluorescence lifetime is changed to 𝜏 𝑇

Fluorescence intensity.

As a consequence of the change in the balance between the radiative and non-radiative decay rates, the net quantum yield of the emission process changes with the temperature, leading to a variation of the detected fluorescence intensity. [START_REF] Zhou | Nanothermometry: From Microscopy to Thermal Treatments[END_REF][START_REF] Rosal | Thermal Loading in Flow-through Electroporation Microfluidic Devices[END_REF][START_REF] Ebert | Fluorescence Ratio Thermometry in a Microfluidic Dual-Beam Laser Trap[END_REF] Other processes may also affect the total detected fluorescence intensity such as the triplet blinking kinetics and photo-isomerization rates which were reported to be temperature-dependent in the case of cyanine5 (an analog to Alexa Fluor 647). [START_REF] Widengren | Characterization of Photoinduced Isomerization and Back-Isomerization of the Cyanine Dye Cy5 by Fluorescence Correlation Spectroscopy[END_REF] All these processes contribute to decrease the net fluorescence intensity detected for Alexa Fluor 647 as the temperature is increased. The temperature dependence of the fluorescence intensity has been calibrated on a spectrofluorometer (Fig. 2a,d). Based on numerical interpolation of this calibration data, we empirically find the following relationship linking the relative temperature increase ∆𝑇 with the fluorescence intensity drop:

∆𝑇 = 25.75 -25.6 × [ 𝐹(T) 𝐹(21°C) ] 2.2 (6) 
While this calibration has been recorded for homogeneous solutions, we apply it also for single and double nanoholes to determine the temperature increase ∆𝑇 from the ratio in the measured fluorescence intensities 𝐹 * (𝑇)/𝐹 * (21°𝐶) with and without the infrared heating laser. This is an approximation as the presence of the metallic nanostructure will affect the different decay rates, modifying the apparent quantum yield and also the dark state (triplet) kinetics. As we show below, in the case of the single and double nanoholes used here, the temperatures inferred with this approach are well within the range found with the two other experimental methods and the numerical simulations. The reason why this approach remains valid is that for nanoholes of 200-500 nm diameters as well as double nanoholes with 30-40 nm gap sizes, the modification of the radiative and loss decay rates due to the presence of the plasmonic nanostructure (𝛤 𝑟𝑎𝑑 * and 𝛤 𝑙𝑜𝑠𝑠 * ) remains moderate as compared to the intrinsic nonradiative rate 𝛤 𝑛𝑟𝑎𝑑 of Alexa Fluor 647. [START_REF] Wenger | Emission and Excitation Contributions to Enhanced Single Molecule Fluorescence by Gold Nanometric Apertures[END_REF][START_REF] Regmi | Nanoscale Volume Confinement and Fluorescence Enhancement with Double Nanohole Aperture[END_REF] The situation could be different if a high quantum yield dye was used in conjunction with a highly resonant dimer plasmonic nanoantenna. [START_REF] Bidault | Picosecond Lifetimes with High Quantum Yields from Single-Photon-Emitting Colloidal Nanostructures at Room Temperature[END_REF] The main advantage of the approach using Eq. ( 6) is its simplicity as no advanced fluorescence analysis (lifetime, FCS) is needed. Additionally, we demonstrate in the Supporting Information section S6 that quantitative temperature estimates can be rigorously recovered from the measured fluorescence intensities using the nonradiative rate dependence Eq. (4,5) obtained from lifetime analysis.

Fluorescence diffusion time.

Beyond the changes in the non-radiative decay rate leading to a reduction in both the lifetime and the quantum yield, the translational [START_REF] Ito | Application of Fluorescence Correlation Spectroscopy to the Measurement of Local Temperature in Solutions under Optical Trapping Condition[END_REF] and rotational [START_REF] Baffou | Temperature Mapping near Plasmonic Nanostructures Using Fluorescence Polarization Anisotropy[END_REF] diffusion of the molecules will also be modified by a temperature change. The molecular diffusion coefficient D depends on the temperature T according to the Stokes-Einstein relationship:

𝐷(𝑇) = 𝑘𝑇 6𝜋𝜂(𝑇)𝑟 ( 7 
)
where D is the diffusion coefficient, k the Boltzmann constant, and r the hydrodynamic radius. The viscosity η of the medium surrounding the molecules also depends on the temperature. Assuming that the viscosity of Alexa Fluor 647 solution with a micromolar concentration is similar to the viscosity of pure water, the temperature dependence of the viscosity can be described as:

𝜂(𝑇) = 𝐴 • 10 𝐵/(𝑇-𝐶) (8) 
where the constants A, B and C are 2.414•10 -5 Pa•s, 247.8K and 140K respectively. [START_REF] Kapusta | Absolute Diffusion Coefficients: Compilation of Reference Data for FCS Calibration[END_REF] Fluorescence correlation spectroscopy (FCS) is a well-established technique to probe the molecular translational diffusion and record the mean diffusion time of the fluorescent dyes across the detection volume. [START_REF] Kim | Fluorescence Correlation Spectroscopy in Living Cells[END_REF][START_REF] Pramanik | Fluorescence Correlation Spectroscopy (FCS)[END_REF][START_REF] Maiti | Fluorescence Correlation Spectroscopy: Diagnostics for Sparse Molecules[END_REF][START_REF] Rigler | Fluorescence Correlation Spectroscopy with High Count Rate and Low Background: Analysis of Translational Diffusion[END_REF] Since the FCS diffusion time 𝜏 𝑑 is proportional to 1/𝐷(𝑇), the change in the FCS diffusion time can then be computed back into a temperature change using the Stokes-Einstein equation (7). [START_REF] Müller | Remote Temperature Measurements in Femto-Liter Volumes Using Dual-Focus-Fluorescence Correlation Spectroscopy[END_REF][START_REF] Ito | Application of Fluorescence Correlation Spectroscopy to the Measurement of Local Temperature in Solutions under Optical Trapping Condition[END_REF][START_REF] Toshimitsu | Metallic-Nanostructure-Enhanced Optical Trapping of Flexible Polymer Chains in Aqueous Solution As Revealed by Confocal Fluorescence Microspectroscopy[END_REF][START_REF] Yamauchi | Temperature near Gold Nanoparticles under Photoexcitation: Evaluation Using a Fluorescence Correlation Technique[END_REF][START_REF] Jung | Measurement of the Temperature-Dependent Diffusion Properties of Nanoparticles by Using Fluorescence Correlation Spectroscopy[END_REF] Here we neglect the influence of the convection phenomenon as it has been reported that convection flows played a negligible role inside the nanoaperture. [START_REF] Xu | Direct Particle Tracking Observation and Brownian Dynamics Simulations of a Single Nanoparticle Optically Trapped by a Plasmonic Nanoaperture[END_REF][START_REF] Liao | Single Molecule Correlation Spectroscopy in Continuous Flow Mixers with Zero-Mode Waveguides[END_REF] Specifically, for any given experimental geometry (confocal, single or double nanohole…), the ratio between the diffusion time without the infrared laser at the room temperature (294.15K, heating laser off) and the one at a certain temperature T (in the presence of the heating infrared laser) is given by: 

𝜏 𝑑 (
Hence the absolute temperature T can be derived once known the relative change in the measured FCS diffusion times with/without the heating infrared laser. This ratio does not depend much on the model equation used to fit the FCS data (the FCS correlation function width at half-maximum should suffice), the only requirement is that the triplet (or dark state) blinking kinetics can be readily differentiated in the FCS curve from the diffusion process. This is well the case even for the smallest nanoholes investigated here as the triplet blinking time is below 2 µs while the diffusion time is above 30 µs (Supporting Information Fig. S7).

As we discuss below, all three fluorescence-based readouts -intensity, diffusion and lifetime -can be easily implemented with single and double nanoholes to quantitatively record the temperature change induced by the trapping laser beam. 

Results and Discussion

Our experimental approach combines an optical tweezer with a fluorescence microscope. Single nanohole (SNH) structures milled in gold are set at the focus of a high NA oil immersion objective (Zeiss 40x, NA=1.3) where two laser beams are overlapped: one 1064 nm continuous laser used for optical trapping/heating and one 635 nm pulsed laser used for fluorescence excitation (Fig. 1a). This configuration allows to record the evolution of the fluorescence from Alexa Fluor 647 molecules in water solution as a function of the 1064 nm intensity in conditions similar to the ones commonly used for optical trapping. [START_REF] Juan | Plasmon Nano-Optical Tweezers[END_REF][START_REF] Pang | Optical Trapping of 12 Nm Dielectric Spheres Using Double-Nanoholes in a Gold Film[END_REF][START_REF] Pang | Optical Trapping of a Single Protein[END_REF][START_REF] Juan | Self-Induced Back-Action Optical Trapping of Dielectric Nanoparticles[END_REF][START_REF] Berthelot | Three-Dimensional Manipulation with Scanning near-Field Optical Nanotweezers[END_REF][START_REF] Xu | Direct Particle Tracking Observation and Brownian Dynamics Simulations of a Single Nanoparticle Optically Trapped by a Plasmonic Nanoaperture[END_REF] As compared to the Rhodamine B dye widely used for nanothermometry, [START_REF] Rosal | Thermal Loading in Flow-through Electroporation Microfluidic Devices[END_REF] the choice for a red-emitting cyanine dye such as Alexa Fluor 647 is better suited to preserve the plasmonic properties of the gold film and avoid the metal photoluminescence found for gold layers below 600 nm. 26 Due to the relatively small intensity of the red excitation laser (typically 20 μW/μm²) as compared to the IR intensity (5 mW/μm²), we neglect here the heating effect induced by the red laser and focus on the 1064 nm intensity influence.

A simulation model using COMSOL Multiphysics is first introduced to predict the IR laser heating in a single 300 nm nanohole milled in gold. Maps of the intensity enhancement, heat source density and temperature increase are presented in Fig. 1c-e respectively. The local field intensity enhancement appears maximum at the aperture edges along the illumination polarization where the electrons tend to accumulate. Conversely, the heat source density is higher at the aperture edges in the direction perpendicular to the excitation polarization, where the power dissipated by the light-induced electron current is maximum. [START_REF] Baffou | Mapping Heat Origin in Plasmonic Structures[END_REF] This behavior can be intuitively explained by reminding that the heating comes from the velocity motion of the electrons, which is maximum in the middle between the two accumulation points at the aperture edges along the excitation polarization. The Joule heating accumulated around the SNH leads to the temperature increase indicated in Figure 1e. At a 2 mW/μm² IR illumination, an increase of 11.7°C is predicted at the center of the SNH. The slight difference (0.7°C) of temperature between the wall and the center of the SNH can be explained by the diffusive nature of heat that cannot remain as confined as a light field. The temperature decreases with the distance from the nanoaperture, with a typical reduction by 50% at a 2 µm lateral distance (Supporting Information Fig. S1). With such thermal gradients, it has been reported that thermal convection induces a negligible fluid velocity increase below 10 nm/s, [START_REF] Donner | Plasmon-Assisted Optofluidics[END_REF] and that the fluid velocity should even display a minimum at the nanohole position. [START_REF] Xu | Direct Particle Tracking Observation and Brownian Dynamics Simulations of a Single Nanoparticle Optically Trapped by a Plasmonic Nanoaperture[END_REF][START_REF] Liao | Single Molecule Correlation Spectroscopy in Continuous Flow Mixers with Zero-Mode Waveguides[END_REF] Therefore, we hereafter neglect the influence of the convection phenomenon. The temperature change with respect to the IR intensity is drawn in Fig. 1f and follows a linear behavior as expected from the linearity of the heat-diffusion equation and the independence of the thermal conductivities over this temperature range. 26 Notably, at 4 mW/μm² IR illumination, the temperature raise in the SNH is predicted to exceed 20°C. This non-negligible value shows that the metal layer is not efficient enough to fully dissipate the heat generated by focused IR illumination.

In order to experimentally verify these numerical predictions, we first calibrate the temperature dependence of Alexa Fluor 647 fluorescence without the presence of the gold film (Fig. 2). These experiments are performed with a heating stage to accurately control the sample temperature and record the evolution of the fluorescence intensity and lifetime as the temperature is gradually increased. The calibration results are summarized in Fig. 2d-f. As expected for common cyanine-based organic fluorophores, Alexa Fluor 647 non-radiative decay rate increases with temperature, inducing a reduction in the fluorescence lifetime, quantum yield and detected brightness (Fig. 2d,f).

Simultaneously the viscosity of the medium decreases for higher temperatures, leading to faster molecular diffusion and reduced FCS diffusion times (Fig. 2e). Importantly the curves in Fig. 2d-f allow us to calibrate the evolution of the fluorescence intensity, diffusion time and lifetime (detailed formulas are provided in the Theory section) which will be used to infer the temperature increase in the plasmonic nanoholes under IR illumination. We have also carefully checked that the 1064 nm laser beam had negligible influence on the Alexa 647 fluorescence process with no indication of photodamage or saturation in the range of excitation powers used with nanoholes (Supporting Information Fig. S2). Even at 5 mW/µm² IR power, the 1064 nm CW beam did not generate any detectable two-photon fluorescence from Alexa 647 molecules (Supporting Information Fig. S3). 7) with the analytical formula of temperature-dependent viscosity of water. [START_REF] Kapusta | Absolute Diffusion Coefficients: Compilation of Reference Data for FCS Calibration[END_REF] The lines in (d,f) are numerical fits.

We next proceed to investigate the temperature increase in single nanoholes under IR illumination. A single nanohole (SNH) milled in 100 nm thick gold with 300 nm diameter is set at the focus of the red and IR lasers and covered with a solution containing Alexa Fluor 647 molecules at 200 nM concentration. It is important to note that the fluorescent molecules are freely diffusing in and out of the nanohole, providing a constant renewal of the fluorescent probes inside the nanohole. Figure 3a shows a typical fluorescence intensity time trace recorded at a constant 20 µW/μm² red excitation intensity while the IR laser with 4mW/μm² intensity is periodically switched on and off. Once the IR laser is on, the fluorescence intensity drops quickly to a stable level before recovering its initial level as the IR laser is turned off. The process if fully reversible and can be repeated for several minutes without any significant change, indicating that fluorophore photobleaching or SNH photodamage do not play any role in our measurements.

For each IR intensity, a 60 s fluorescence time trace is recorded allowing us to compute the FCS correlation function (Fig. 3b) and lifetime decay trace (Fig. 3c). The data recorded with the SNH with increasing IR intensities show the same tendencies as the temperature calibration in Fig. 2. This qualitatively indicates that the IR laser beam induces a local temperature increase in the SNH under optical trapping condition. Quantitatively, we measure the reduction of three fluorescence readouts (intensity, diffusion time and lifetime) with respect to IR intensities (Fig. 3d-f left axis). Using the calibration obtained in Fig. 2, we can then compute back the temperature increase in the SNH as a function of the IR intensity (Fig. 3d-f right axis). While the three readouts remain largely independent from each other, similar temperature increases are assessed with all three methods. Actually the temperature values based on the fluorescence intensity (Fig. 3d) tend to be slightly overestimated by ~1-2°C as compared to the other two methods, as the approach using the calibration Eq. ( 6) is only an approximation in the case of a plasmonic nanostructure (quantitative measurements are rigorously derived in the Supporting Information section 6). Typically, we observe that the temperature in a 300 nm SNH rises by 20°C under 5 mW/μm² IR illumination, in good agreement with our simulation results (Fig. 1f). While the temperature can also be increased in conventional optical traps due to water absorption, [START_REF] Ito | Application of Fluorescence Correlation Spectroscopy to the Measurement of Local Temperature in Solutions under Optical Trapping Condition[END_REF][START_REF] Haro-González | Quantum Dot-Based Thermal Spectroscopy and Imaging of Optically Trapped Microspheres and Single Cells[END_REF][START_REF] Rodríguez-Sevilla | The Temperature of an Optically Trapped, Rotating Microparticle[END_REF] the temperature rise is typically of 5°C at 100 mW/µm² (Supporting Information Fig. S2). With nanoholes, greater temperature increases can be achieved with significantly less optical power, which can be an additional benefit for temperature-related applications including biochemistry [START_REF] Sugiyama | Laser Trapping Chemistry: From Polymer Assembly to Amino Acid Crystallization[END_REF] and biosensing. [START_REF] Nicoli | DNA Translocations through Solid-State Plasmonic Nanopores[END_REF][START_REF] Shi | Active Delivery of Single DNA Molecules into a Plasmonic Nanopore for Label-Free Optical Sensing[END_REF][START_REF] Verschueren | Label-Free Optical Detection of DNA Translocations through Plasmonic Nanopores[END_REF] The experimental errors for the measurements of intensities, diffusion times and lifetimes mainly stem from the small mechanical drifts of the laser focus and the uncertainties induced by the noise during the curve-fitting process. As the fluorescence lifetime does not depend much on the detected intensity and laser focus, this method appears relatively more accurate than the two other readouts. However, the calibration formula (Eq. ( 5)) requires the knowledge of the reference quantum yield and lifetime of Alexa 647 at 21°C. We have found that changing the reference quantum yield of Alexa 647 at 21°C form 33% to 30% induced a modification in the measured temperature by 0.5°C, and should be accounted for in the possible experimental uncertainties. On the contrary, a 5% uncertainty on the reference lifetime of Alexa 647 at 21°C does not lead to any significant effect on the final measured temperature (uncertainty below 0.1°C). While comparing the different techniques, it should also be mentioned that the fluorescence lifetime implementation is comparatively more expensive (need for pulsed laser and time-correlated single photon counting electronics). It is interesting to note that a readout based only on the total detected fluorescence intensity (Fig. 3d) is very simple to implement and readily provides an estimate of the temperature increase.

Our numerical simulations do not indicate any major change of the temperature increase with the nanohole diameter for diameters below 350 nm (Supporting Information Fig. S4). For this range of diameters, the temperature increase is essentially the same than for a continuous gold film. For diameters above 350 nm, the temperature elevation starts to go down with the SNH diameter as the infrared light transmission through the SNH increases. We verify these predictions by measuring SNHs of different diameters (similar to the ones used for SIBA-trapping [START_REF] Juan | Self-Induced Back-Action Optical Trapping of Dielectric Nanoparticles[END_REF] ) under similar illumination conditions (Fig. 3g). For SNH diameters ranging from 200 to 500 nm, our experimental results indicate a temperature change below 15%, in good agreement with the numerical simulations. Altogether, these results indicate that the heating effect in the SNH is primarily a consequence of the absorption and Joule losses into the metal layer, which do not significantly depend on the transmission or resonance properties of individual nanoholes for diameters below 350 nm. As compared to the 1 µm² illumination area, the SNH surface accounts for less than 10% for diameters below 350 nm (Supporting Information Fig. S5), which explains in part the relative independence of the heating with the SNH diameter. Looking into more details, the numerical simulations and our experimental observations indicate that 300 nm is the largest SNH diameter to maximize the heating, suggesting that for this diameter the field enhancement for the infrared laser compensates for the smaller metal surface illuminated. Interestingly, 300 nm corresponds to the cut-off diameter for the transmission at 1064 nm, [START_REF] Gérard | Nanoaperture-Enhanced Fluorescence: Towards Higher Detection Rates with Plasmonic Metals[END_REF] and was also reported to be the optimum diameter for SIBA trapping. [START_REF] Juan | Self-Induced Back-Action Optical Trapping of Dielectric Nanoparticles[END_REF] We next focus on the temporal dynamics of the fluorescence signal (and the temperature) on a millisecond timescale. To this end, the 1064 nm laser beam is modulated at 30 Hz with a rotating chopper blade. Figure 3h shows a typical fluorescence intensity time trace similar to the one in Fig. 3a but with faster dynamics and better temporal resolution aiming to estimate the heating and cooling times. The transient evolution is well described by a model based on the error function erf (√𝜏/𝑡)

where τ is a constant describing the heating/cooling timescale and t denotes the time variable. 26 Interestingly, the transient evolution of the fluorescence intensity cannot be well fitted by a simple exponential profile, one has to use the error function, as theoretically derived in the case of transient heating and cooling. 26 This further confirms that the fluorescence drop originates from a local temperature change. The numerical interpolation of the experimental data estimates the heating time τheat = 90 ± 40 µs and the cooling time τcool = 130 ± 30 µs. Both heating and cooling times appear thus on comparable timescales in the hundred microsecond range. We note that despite the data interpolation, these measurements remain limited by the minimum 200 µs binning time required to accumulate enough photon counts without saturating the avalanche photodiodes. Therefore, the transient dynamics of the temperature may even occur on a faster timescale.

Having quantified the temperature increase in a single nanohole, we now investigate the double nanohole (DNH). The DNH apertures are milled in the same gold film as the SNHs, and comprise two circular holes of 200 nm diameter connected by a 80 nm long groove. Two gap sizes (the width of the groove) are used in the experiments with 30 nm and 40 nm, as measured by the SEM images (Fig. 4a).

These structures correspond to the ones typically used in nano-optical tweezers, [START_REF] Pang | Optical Trapping of 12 Nm Dielectric Spheres Using Double-Nanoholes in a Gold Film[END_REF][START_REF] Pang | Optical Trapping of a Single Protein[END_REF][START_REF] Ghorbanzadeh | Improvement of Sensing and Trapping Efficiency of Double Nanohole Apertures via Enhancing the Wedge Plasmon Polariton Modes with Tapered Cusps[END_REF][START_REF] Xu | Direct Particle Tracking Observation and Brownian Dynamics Simulations of a Single Nanoparticle Optically Trapped by a Plasmonic Nanoaperture[END_REF] and are also representative of bowtie nanoapertures. [START_REF] Berthelot | Three-Dimensional Manipulation with Scanning near-Field Optical Nanotweezers[END_REF][START_REF] Jensen | Optical Trapping and Two-Photon Excitation of Colloidal Quantum Dots Using Bowtie Apertures[END_REF][START_REF] Mestres | Unraveling the Optomechanical Nature of Plasmonic Trapping[END_REF] Numerical simulations for the field intensity enhancement and temperature increase for a 40 nm gap DNH are displayed on Fig. 4a,b. When the IR laser polarization is set parallel to the metal apex between the holes, the intensity enhancement reaches a maximum while it nearly vanishes when the polarization is turned by 90° to be aligned with the main axis joining the two holes (Fig. 4b). This behavior confirms that the DNH structure with 40 nm gap follows the expected trend for a plasmonic antenna. [START_REF] Pang | Optical Trapping of 12 Nm Dielectric Spheres Using Double-Nanoholes in a Gold Film[END_REF][START_REF] Regmi | Nanoscale Volume Confinement and Fluorescence Enhancement with Double Nanohole Aperture[END_REF] Interestingly, the temperature increase in the DNH follows a completely different behavior with the laser polarization orientation (Fig. 4b).

Although the intensity enhancement displays a huge difference between 0° and 90°, the temperature increase remains nearly constant around 8.5°C under 2 mW/μm² IR laser illumination, suggesting that the plasmonic response of the gap mode in the DNH plays almost no role in the heat generation. For all these experiments, the 635 nm laser polarization used to excite the fluorescence is set parallel to the apex between the holes (θ = 90°).

To verify the simulations predictions, we measure the temperature increase in the DNH using all three fluorescence readouts. Figure 4c-e show the raw experimental data. Similarly, we convert the three readouts to the temperature increases based on the calibration from Fig. 2d-f. Experimental data points found for parallel and perpendicular polarization overlap with each other with the tolerance of the experimental uncertainties (Fig. 4f). This indicates that the temperature increase does not depend on the incident polarization, in excellent agreement with the numerical simulations (Fig. 4b) and other independent measurements on bowtie nanoapertures. [START_REF] Verschueren | Label-Free Optical Detection of DNA Translocations through Plasmonic Nanopores[END_REF] We also probe two different gap sizes and find again similar temperature increases (Fig. 4g). This experimental finding confirms the trend observed for the SNH where the temperature was nearly independent of the nanohole diameter (Fig. 3g). We also find that SNH and DNH structures feature similar temperature gains for the same IR illumination intensity (typically ~8°C at 2 mW/μm²). The temperature increase for a bowtie aperture milled in a 100 nm thick gold film was recently measured at 3.6°C for 3.75 mW/µm² intensity at the objective focus spot. [START_REF] Verschueren | Label-Free Optical Detection of DNA Translocations through Plasmonic Nanopores[END_REF] This value is lower than the one that we measure experimentally, we ascribe this difference to the presence of the titanium adhesion layer in our case, while no adhesion layer was used in ref. [START_REF] Verschueren | Label-Free Optical Detection of DNA Translocations through Plasmonic Nanopores[END_REF] Interestingly, this observation suggests new routes to tune the local temperature increase, which we are currently exploring. It should still be noted that the temperature increase in the presence of a continuous metal film [START_REF] Wang | Trapping and Rotating Nanoparticles Using a Plasmonic Nano-Tweezer with an Integrated Heat Sink[END_REF] remains always significantly lower than for isolated structures such as nanoparticles [START_REF] Baffou | Nanoscale Control of Optical Heating in Complex Plasmonic Systems[END_REF] or nanoantennas. [START_REF] Nicoli | DNA Translocations through Solid-State Plasmonic Nanopores[END_REF] Altogether, our results emphasize that the temperature increase is mainly ascribed to the IR Ohmic losses into the metal layer and does not depend on the plasmonic properties of the aperture structures.

Conclusions

We have developed three independent methods based on molecular fluorescence to quantify the local temperature increase occurring in single and double nanoholes illuminated by a focused infrared laser beam. Our setup reproduces the configuration and laser power typically used for nano-optical trapping experiments. We show that despite the presence of the gold metal layer acting as a heat sink, the local temperature in the nanohole can be increased by several degrees Celsius even at the moderate mW/μm² infrared laser intensities. In excellent agreement with numerical simulations, we show that the local temperature increase is mainly due to the Ohmic losses into the metal layer and does not significantly depend on the geometry of the nanohole structure. We also discuss the use of three independent fluorescence readouts based on the fluorescence intensity, diffusion time and lifetime.

While they all lead to similar results, the fluorescence intensity of Alexa Fluor 647 molecules is certainly the easiest and cheapest method to implement to obtain a first estimate of the local temperature without requiring advanced temporal analysis of the fluorescence emission statistics. The fastest time resolution to investigate temperature kinetics using our photon-counting technique is around 50 µs, and is set by the minimum time needed to record 100 photons at a 2 Mcounts/s detection rate just below the photodiode saturation level. Altogether, our results are relevant to better understand nanooptical trapping experiments. [START_REF] Pang | Optical Trapping of a Single Protein[END_REF][START_REF] Juan | Self-Induced Back-Action Optical Trapping of Dielectric Nanoparticles[END_REF] They also open the way to use nanoholes as heat-controlled nanoreaction chambers for specific chemical applications including controlled nucleation and polymerization, crystal growth and phase separation. [START_REF] Sugiyama | Laser Trapping Chemistry: From Polymer Assembly to Amino Acid Crystallization[END_REF] For biosensing applications, the thermal gradients can improve the translocation through nanopores [START_REF] Nicoli | DNA Translocations through Solid-State Plasmonic Nanopores[END_REF][START_REF] Shi | Active Delivery of Single DNA Molecules into a Plasmonic Nanopore for Label-Free Optical Sensing[END_REF][START_REF] Verschueren | Label-Free Optical Detection of DNA Translocations through Plasmonic Nanopores[END_REF] or further promote trapping. [START_REF] Ndukaife | Long-Range and Rapid Transport of Individual Nano-Objects by a Hybrid Electrothermoplasmonic Nanotweezer[END_REF][START_REF] Braun | Optically Controlled Thermophoretic Trapping of Single Nano-Objects[END_REF] For single molecule analysis or FCS, the nanoholes add the possibility to easily and locally bring the temperature to the physiological 37°C temperature, which appears especially interesting for the study of lipid or protein species bound to the plasma cell membrane. 66

Methods

Sample fabrication

The samples are prepared on 0.15 mm thick borosilicate glass coverslips (refractive index 1.52). First, a 5 nm titanium layer is deposited by electron-beam evaporation to serve as adhesion layer for the gold film. Then, a 100 nm thick gold layer is deposited by thermal evaporation (Oerlikon Leybold Univex 350). Finally, the single and double nanohole structures are milled by gallium-based focused ion beam (FEI dual beam DB235 Strata) using 30 kV energy and 10 pA beam current. We have not observed any photodamage to our nanostructures for the 0-5 mW/µm² CW intensities at 1064 nm used here (the damage threshold for gold films is expected to be around 50 mW/µm² at 1064 nm).

Numerical simulations

"Electromagnetic Waves, Beam Envelopes" and "Heat Transfer in Solids" modules of COMSOL Multiphysics are used and coupled via the "Electromagnetic Heat Source" module in 3D geometry. The thermal parameters for glass, titanium, gold and water are taken from the COMSOL material library and assumed to be temperature independent. The complex refractive index for Au (100nm thick) and Ti (10nm thick) are taken from Johnson and Christy 67 for bulk materials (i.e. nAu=0.25846 + i6.9654, nTi=3.4654 + i4.0085), the refractive index of water and glass are taken as 1.33 and 1.52 respectively.

The incident laser beam at 1064 nm follows a Gaussian amplitude profile of 1 µm waist with linear polarization. In the case of a focused beam on a continuous thin film, the polarization is not expected to have a significant influence on the absorption by the thin film (Supporting Information Fig. S6).

Experimental setup

The experimental setup is based on an inverted confocal microscope featuring two overlapping excitation beams: one continuous wave (CW) 1064 nm laser (Ventus 1064-2W) and one 635 nm pulsed laser diode (Picoquant LDH-P-635) at 80 MHz repetition rate. The infrared beam is used for optical trapping and heating while the red laser is used to excite the fluorescence of Alexa Fluor 647 molecules.

Typically, the 1064 nm laser power is in the mW range while the 635 nm laser power is in the µW range. Both lasers are focused by a high NA microscope objective (Zeiss Plan-Neofluar 40x, NA 1.3, oil immersion). By recording images of SNH with 200 nm diameter, we estimate that the laser spot sizes at the objective focus are 1 µm and 0.6 µm in diameter for the 1064 and 635 nm lasers respectively.

The illumination power is expressed in intensity units (mW/µm²) at the objective focus. Hence, our values take into account the 50% transmission of the objective at 1064 nm (information provided by the supplier).

The same microscope objective is used to collect the fluorescence, which is filtered from backscattered laser light by a set of dichroic mirrors, long pass filters, 30 µm confocal pinhole and bandpass filters. 

FCS analysis

We fit the FCS correlation data using a three dimensional Brownian diffusion model with an additional blinking term: [START_REF] Pramanik | Fluorescence Correlation Spectroscopy (FCS)[END_REF] 𝐺(𝜏) = (10) where N is the total number of molecules, Tds the fraction of dyes in the dark state, 𝜏 𝑑𝑠 the dark state blinking time, 𝜏 𝑑 the mean diffusion time and 𝜅 the aspect ratio of the axial to transversal dimensions of the nanohole volume. While the assumption of free 3D diffusion is obviously not truly fulfilled in the nanoholes, the above model equation was found to empirically describe well the FCS data with single and double nanoholes, provided that the aspect ratio constant is set to 𝜅 = 1 as found previously. [START_REF] Wenger | Emission and Excitation Contributions to Enhanced Single Molecule Fluorescence by Gold Nanometric Apertures[END_REF][START_REF] Regmi | Nanoscale Volume Confinement and Fluorescence Enhancement with Double Nanohole Aperture[END_REF] The Supporting Information Fig. S7 shows representative FCS correlation functions and their numerical fits for 300 nm nanoholes at different infrared intensities. The diffusion time 𝜏 𝑑 and the dark state blinking time 𝜏 𝑑𝑠 always differ by a factor greater than 30×, enabling the straightforward distinction between the blinking and translational diffusion contributions in the FCS correlation.
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xxxxxxxxx Here we investigate the potential influence of the 1064 nm illumination on the Alexa Fluor 647 sample in water solution (without the nanoapertures or metal layer). Figure S2 summarizes our main results. It was shown earlier that CW illumination at 1064 nm of water lead to a local temperature increase,1 and we retrieve here similar values. However, one has to use intense IR power in order to observe a significant change in the fluorescence photophysics of Alexa Fluor 647. Even at the IR intensity of 80 mW/μm 2 , the fluorescence intensity, diffusion time and lifetime are only reduced by a factor 0.88 (Fig. S2d-f). In the regime below 5mW/μm 2 used in the main article, the 1064 nm illumination induces a reduction below 2% in the absence of the metal layer. This means that despite relatively intense IR intensity, the absorption of Alexa 647 is nearly insensitive to the 1064 nm radiation.

Additionally, we check that the 1064 nm laser does not induce any fluorescence emission from Alexa 647 with two-photon excitation (Fig S3a ), and that even under 5mW/μm² infrared illumination the fluorescence intensity of Alexa 647 scales linearly with the 635 nm excitation power (Fig. S3b), showing no sign of saturation or photobleaching. 

S5. Triplet and isomerization kinetics in nanoholes

In addition to the FCS data shown in Fig. 3b, we detail here FCS functions and their numerical fits for time ranges from 100 ns to 10 ms. The use of two avalanche photodiodes as well as FLCS background correction ensures that the phenomenon of afterpulsing does not affect this FCS data and that accurate information about triplet blinking and cis-trans isomerization can be retrieved. The FCS data in Fig. S7 shows that the fast blinking and isomerization kinetics can be readily distinguished from the diffusion contribution in the FCS traces. It also shows that the dark state (triplet) population fraction Tds in the case of the SNH is increased by 30% when the temperature is increased by ~20°C (Fig. S7b,d).

Simultaneously, we also monitor a decrease of the triplet blinking time by 60%, which scales with the diffusion time and the viscosity of the water medium. Similar observations were reported while performing temperature-dependent FCS measurements on an Alexa 647 analog,2 which further confirms the validity of our measurements. In this equation (S5), the temperature influence acting on the quantum yield in nanohole is entirely given by the ratio 𝛤 𝑛𝑟𝑎𝑑 (𝑇)

𝛤 𝑛𝑟𝑎𝑑 (21°𝐶) (calibrated from lifetime) and the additional knowledge of the initial 33% quantum yield of Alexa 647 at room temperature and the lifetime reduction 𝜏 * (21°𝐶) 𝜏(21°𝐶) due to the presence of the nanostructure at room temperature. This lifetime ratio amount to 0.72 for Alexa 647 in a 300 nm nanohole milled in a gold film, in agreement with earlier independent measurements. [START_REF] Pang | Optical Trapping of a Single Protein[END_REF] Combining the equations (S2) and (S5) with the additional quantification of the FCS parameters (Fig. S7), we have everything to compute back the temperature increase based on the measured fluorescence intensities. This approach bridges the gap between the intensity and lifetime methods, and does not rely on the intensity calibration Eq. ( 6). Only the nonradiative rate calibration with temperature (Eq. ( 2)) is used here.

Figure S8 summarizes our results and compares between the temperature measurements based on the different approaches. The results based on rigorous analysis of the fluorescence intensity (red disks, Eq. S2 and S5) agree remarkably well with the lifetime measurements (blue squares, same as Fig. 3f) for all infrared intensities. Interestingly, the results derived using the simple intensity calibration (red circles, Eq. 6) tend to overestimate the temperature by ~2°C, yet this appears as a remarkable result given the extreme simplicity of this approach.

Figure S8.

Temperature increase ∆𝑇 for different infrared intensities measured from the lifetime data and the nonradiative rate calibration (Eq. 5), using the empirical approach calibrated from the intensity temperature dependence (Eq. 6) and using the rigorous intensity dependence derived from Eq. (S2) and (S5).

Figure 1 .

 1 Figure 1. Numerical simulations of the temperature increase in a single nanohole in the optical trapping configuration. (a) Scheme of the optical trapping setup with a nanoaperture milled in gold. The 1064 nm trapping beam is overlapped with a 635 nm laser beam to excite the fluorescence of Alexa Fluor 647 molecules filling the nanoaperture volume. (b) SEM image of a single nanohole (SNH) aperture with 300nm diameter. (c)-(e) Simulation predictions of intensity enhancement, heat source density and temperature increase respectively for 2 mW/μm² illumination at 1064 nm from the bottom of the 300 nm diameter SNH. The scale bars in (b-e) are 100 nm and the 1064 nm beam is linearly polarized along the horizontal direction. (f) Numerical simulation of the average temperature increase inside the nanohole as a function of the 1064 nm intensity.

Figure 2 .

 2 Figure 2. Calibration of the Alexa Fluor 647 fluorescence properties as a function of the temperature in water solution. (a) Normalized fluorescence intensity spectra, (b) normalized FCS correlation functions and (c) normalized fluorescence decay traces with increasing temperatures. In (a) the temperatures are respectively 21°C, 26°C, 29°C, 33°C, 35°C and 39°C from top to bottom. In (b) 21°C, 25°C, 30°C, 33°C, 35°C and 40°C from right to left and in (c) 21°C, 26°C, 30°C, 35°C, 38°C and 40°C from top to bottom. From the data set in (a-c), we deduce the calibration curves of the normalized intensity (d), diffusion time (e), lifetime and nonradiative decay rate (f) as a function of the temperature of the solution. The data in (b,e) are calculated based on the Stokes-Einstein equation (7) with the analytical formula of temperature-dependent viscosity of water.[START_REF] Kapusta | Absolute Diffusion Coefficients: Compilation of Reference Data for FCS Calibration[END_REF] The lines in (d,f) are

Figure 3 .

 3 Figure 3. Temperature increase in single nanoholes under 1064 nm illumination. (a) Fluorescence intensity time trace with and without 4 mW/µm² illumination at 1064 nm. The fluorescence excitation is constant at 20 µW/µm². The nanohole diameter is 300 nm. (b)-(c) Normalized FCS correlation functions and decay curves recorded for increasing infrared intensities. (d)-(f) Normalized intensity, diffusion time, lifetime and nonradiative decay rate 𝛤 𝑛𝑟𝑎𝑑 of Alexa Fluor 647 solution filling a single 300 nm nanohole as a function of the 1064 nm intensity (red traces, left axis). From the calibration results displayed in Fig. 2, we compute back the temperature increase induced by the infrared laser beam for each measurement: intensity (d), diffusion time (e) and nonradiative rate (f) (blue curves, right axis). Solid lines are guide to the eyes. (g) Comparison of the temperature increase for different nanohole diameters under the same 5 mW/μm² illumination. Markers represent theexperimental results from different readouts (circles for intensity, triangle for diffusion time and squares for lifetime, markers are slightly horizontally shifted for clarity). The red line is deduced from the numerical simulations (Supporting Information Fig.S4), and is not a fit to the data. (h) Millisecond dynamics of the fluorescence intensity recorded on a 300 nm nanohole while the infrared intensity is modulated by a chopper blade at 30 Hz. Red lines are experimental data and black lines are numerical fits using error function model erf (√𝜏/𝑡).26 The fluorescence binning time is 200 µs.

Figure 4 .

 4 Figure 4. Temperature increase recorded on double nanoholes under 1064 nm illumination. (a) SEM images of DNHs with 30 and 40 nm gaps. The right-top and the right-bottom images are the simulation predictions for the intensity enhancement and the temperature increase at 2 mW/μm² IR illumination from the bottom of the DNH with 40nm gap. The polarization of the IR laser is fixed vertically as indicated by the arrows. All the scale bars are 100nm. (b) Local excitation intensity enhancement at 1064 nm (green, left axis) and temperature increase (blue, right axis) as a function of the polarization orientation θ. (c)-(e) Normalized fluorescence intensities, correlation functions and fluorescence decay curves measured for the DNH of 40 nm gap with increasing IR intensities. (f) Temperature increase estimated from the fluorescence intensity (circles), diffusion time (triangles) and lifetime (squares) for increasing 1064 nm intensities with 2 different polarizations (red parallel to the apex, blue perpendicular) and 40 nm gap. (g) Same as (f) for two different gap sizes and polarization parallel to the apex.

  Two avalanche photodiodes (Picoquant MPD-5CTC) separated by a 50/50 beam-splitter record the fluorescence photons in the 650-690 nm spectral range and avoid the afterpulsing issue in FCS. The fast timing output of the photodiodes is then sent to a time correlated single photon counting (TCSPC) electronic module (Picoquant Picoharp 300 with PHR 800 router) with time-tagged time-resolved (TTTR) option. The overall temporal resolution of our setup (full-width at half maximum of the instrument response function) is 100 ps. All fluorescence time traces are analyzed with the Symphotime 64 software (Picoquant) enabling to compute the intensity time trace, FCS correlation function and TCSPC decay histogram. For the calibration experiments in Fig. 2b,c, a heating stage (CherryTemp) was set in contact with the 30 µL Alexa solution sample to control its temperature. For the temperature-dependent fluorescence emission spectra experiment, we used an automated cuvette spectrophotometer (Tecan Spark 10M).

Figure S2 .

 S2 Figure S2. (a) Normalized fluorescence intensities of Alexa Fluor 647 solution with 6 different IR intensities in the confocal volume. A droplet of 40 μL Alexa Fluor 647 solution is deposited directly on the substrate without metal layers. (b)-(c) Normalized FCS correlation function and fluorescence decay curves of Alexa Fluor 647 solution with 6 different IR intensities in the confocal volume. (d)-(f) Normalized intensity, diffusion time and lifetime of Alexa Fluor 647 solution calculated from (a)-(c) at the 6 different IR power intensity shown as the red empty round, triangle and square stickers respectively. The red lines are the fits for each result. According to the temperature dependence from the calibration in Fig. 2d-f, the temperature increase based on the fluorescence intensity, diffusion time and lifetime are determined as the blue solid round, triangle and square markers respectively. The blue lines are the fits for each result.

Figure S3 .Figure S4 .

 S3S4 Figure S3. (a) Time trace of fluorescence intensity of Alexa Fluor 647 solution under 5 mW/µm² IR illumination in the single nanohole (SNH) with 300nm diameter. From 0-30s, the 20 µW/µm² red laser is kept on. After 30s, the red laser is switched off to show that no fluorescence is detected anymore, even with intense 1064 nm illumination. (b) Fluorescence intensity of Alexa Fluor 647 solution as a function of the 635 nm laser intensity. In this experiment performed with a single nanohole of 300 nm diameter, a 5 mW/µm² IR illumination was kept constant.

Figure S5 .

 S5 Figure S5. Calculation of the ratio of the nanohole geometric area divided by the total illuminated area used experimentally. Nanoholes with diameters below 350 nm account for only a few percents of the illuminated gold surface, which in part explains the relative independence of the temperature increase with the SNH diameter (Fig.S4).

Figure S7 .

 S7 Figure S7. FCS correlation (red curves) and numerical fits (black) following the model in Eq. (10) for the confocal reference and a 300 nm gold nanohole at different infrared intensities. The fit parameters are described for each panel. The concentration for the confocal experiment was diluted 10 times.
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S2. Infrared laser influence on Alexa 647 photophysics

S6. Quantitative temperature estimates using the measured fluorescence intensities and the nonradiative rate calibration

The variation in the nonradiative rate induced by the temperature (Eq. 2,5) tends to lower the quantum yield and the fluorescence intensity. Thus quantitative temperature measurements should be achieved using the measured fluorescence intensities based only on the nonradiative rate calibration (Eq. 2,5), i.e. not relying on the empirical formula relating fluorescence intensity and temperature in a homogeneous medium (Eq. 6). This is especially relevant in the case of plasmonic nanostructures which are known to modify the radiative and nonradiative decay rates, thus affecting the apparent quantum yield of fluorescence.

The detected fluorescence intensity 𝐹 depends on the quantum yield 𝜙 = 𝛤 𝑟𝑎𝑑 /𝛤 𝑡𝑜𝑡 = 𝛤 𝑟𝑎𝑑 𝜏 (where 𝜏 = 1/𝛤 𝑡𝑜𝑡 is the fluorescence lifetime) and also on additional terms such as the collection efficiency 𝜂, the number of molecules in the bright state (given by (1 -𝑇 𝑑𝑠 )𝑁 as measured from FCS, see Eq (10)) and the excitation intensity 𝐼 𝑒𝑥 :

where 𝜎 is the excitation cross-section (which we assume to be temperature-independent) and 𝐼 𝑠𝑎𝑡 is the saturation intensity (which depends on the temperature as it is related to the triplet photokinetics).

To relate the variations of the fluorescence intensity 𝐹 with the change of the quantum yield 𝜙 with the temperature, it is important to take the additional terms also into account (which means that at least an additional FCS analysis is needed such as in Fig. S7):

Assuming that the radiative decay rate 𝛤 𝑟𝑎𝑑 is independent of the temperature (within the temperature ranges probed here), the ratio of quantum yields

𝜙(21°𝐶) is then equivalent to the ratio of fluorescence lifetimes

𝜏(𝑇) 𝜏(21°𝐶)

. After a bit of algebra, this ratio can be expressed as:

and its temperature dependence is then fully given by Eq. ( 2): Δ𝑇 = 91.31 -91.22 × (𝛤 𝑛𝑟𝑎𝑑 (21°𝐶)/ 𝛤 𝑛𝑟𝑎𝑑 (𝑇)) 0.42 .

In the presence of a plasmonic nanostructure, it can be shown that without loss of generality the following equation holds:

𝜙 * (𝑇) 𝜙 * (21°𝐶) = 1 1 + [𝛤 𝑛𝑟𝑎𝑑 (𝑇) -𝛤 𝑛𝑟𝑎𝑑 (21°𝐶)] • 𝜏 * (21°𝐶) (S4)

Here we use the superscript * to indicate that the corresponding variable is taken in the presence of the plasmonic nanostructure. The link connecting the ratio of quantum yields in the nanohole to its counterpart in a homogeneous medium can be written explicitly: